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1 | INTRODUCTION

| Corrie S. Moreau®*

Abstract

Knowledge of viral biodiversity within insects, particularly within ants, is extremely
limited with only a few environmental viruses from invasive ant species identified to
date. This study documents and explores the viral communities in ants. We compre-
hensively profile the metagenomes of a phylogenetically broad group of 35 ant spe-
cies with varied ecological traits and report the discovery of 3710 novel and unique
ant-associated viral genomes. These previously unknown viruses discovered within
this study constitute over 95% of all currently described ant viruses, significantly in-
creasing our knowledge of the ant virosphere. The identified RNA and DNA viruses fill
gaps in insect-associated viral phylogenies and uncover evolutionary histories char-
acterized by both frequent host switching and co-divergence. Many ants also host di-
verse bacterial communities, and we discovered that approximately one-third of these
new ant-associated viruses are bacteriophages. Two ecological categories, bacterial
abundance in the host and habitat degradation are both correlated with ant viral di-
versity and help to structure viral communities within ants. These data demonstrate
that the ant virosphere is remarkably diverse phylogenetically and genomically and
provide a substantial foundation for studies in virus ecology and evolution within eu-
karyotes. We highlight the importance of studying insect-associated viruses in natu-
ral ecosystems in order to more thoroughly and effectively understand host-microbe

evolutionary dynamics.
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largely enable the ecological dominance of ants throughout nutrient-

Ants (Hymenoptera: Formicidae) are one of the most diverse and
abundant groups of organisms on Earth (Mora et al., 2011), and are a
highly successful cladein terms of biomass and species diversity. Their
associated microbes play an important functional role for species of

varying dietary types. Microbial symbionts have been theorized to

limited rainforest canopies (Cook & Davidson, 2006; Davidson
et al., 2003). Other molecular surveys have illustrated that symbiotic
bacteria are correlated with the evolution of herbivory across ant
species (Russell et al., 2009), while both experimentation and ge-
nomics have demonstrated that herbivorous ants benefit from spe-
cialized, nitrogen recycling gut bacteria (Bisch et al., 2018; Duplais
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et al., 2021; Feldhaar et al., 2007; Gil et al., 2003; Hu et al., 2018).

To date, however, little is known about ant viruses, with only a small

number of ant-associated viruses ever identified (Baty et al., 2020).
Ants have been known to be infected by viruses since the mid-
1900s (Steiger et al., 1969). However, very few of the over 14,000
species of ants have even been sampled for potential viral infection.
Only 40 unique viruses have been found within 38 ant species to
date, mostly from invasive ant species, such as Solenopsis invicta (red
imported fire ant) and Linepithema humile (Argentine ant) with the
most well studied being the Solenopsis Invicta Viruses (SINV-1-11;
Olendraite et al., 2017; Sébastien et al., 2015; Valles et al., 2004,
2014, 2018). This bias derives from more intensive sampling of inva-
sive ants as their viruses are potential targets for biocontrol agents
and because they may act as potential reservoirs for detrimental
honey bee viruses (Lester et al., 2019). The most common viruses
found across ant species are associated with and were first discov-
ered within honey bees (Baty et al., 2020). There appears to be fre-
quent transmission between honey bee hives and ant colonies due
to ant raids on bee colonies. Though these viruses are often thought
of as ‘honey bee viruses’, they have been observed to infect many
other hymenopteran hosts and may have evolved in non-honey bee
hymenopterans and jumped hosts over time (Loope et al., 2019).
While it is now possible to discover eukaryotic host-associated
viral communities using metagenomic techniques (Lim et al., 2015;
Paez-Espino et al., 2016; Roux et al., 2017; Shi et al., 2016; Vibin
et al., 2018), we still have an incomplete understanding of the factors
that structure viral communities within eukaryotes. Metagenomic
studies have demonstrated that features of host biology and ecol-
ogy can significantly impact virus association and therefore could
also be major drivers of viral emergence (Geoghegan et al., 2021;
Wille, 2020). Here we describe a large-scale metagenomic survey of
diverse ant hosts to reveal the unprecedented diversity of DNA and
RNA viruses within ants. This study is the first extensive character-
ization of ant-associated viruses. We investigated the composition
and diversity of viral communities of a phylogenetically broad group
of ant species across a pristine Amazonian rainforest and fragmented
urban habitats in South America. We tested whether certain viral
communities tend to associate with specific ant species depending
on the differences in those ant species' ecology, diet, bacterial abun-
dance, phylogeny and habitat type. This species and habitat specific
data enables us to better explain the origin and evolutionary history
of ant-associated viruses as well as begin to uncover their fundamen-

tal role in the patterns and processes of ant evolution.

2 | MATERIALS AND METHODS

During a 2-week period in March 2018, ants were sampled from two
locations, in a pristine rainforest within Nouragues Reserve, French
Guiana and within the fragmented urban habitat around Cayenne,
French Guiana (Figure S1). We collected ant species found in French
Guiana each with a paired sister species when applicable to be able
to control for close phylogenetic relationships. Only adult worker
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ants were collected from each colony to control for caste-specific
variability. Worker subtypes (forager and nurse) were not assessed
for any of the ants sampled. As many worker ants as was feasible
from the same colony were collected (ranging from 4 to 75). Species
were identified on site, using external morphological characteristics.
The samples were brought alive to the Pasteur Institute in Cayenne.
The ants were fed the same diet (sterile sugar water) for a week be-
fore freezing so that viruses found in the gut would not be due to
diet (i.e. fungal or bird faeces-associated viruses). A voucher speci-
men for each colony is deposited in the Cornell University Insect
Collection, in Ithaca, New York, USA.

Each sample was pooled for a total of 44 samples and an addi-
tional control sample. Each ant from the same colony was placed
alive into a 50mL Falcon™ tube and stored at -80°C. Each ant was
individually washed with 99.95% ethanol, 10% bleach, and washed
three times with sterile nuclease-free water to clean the cuticle, to
avoid external viral contamination. The samples were flash frozen
with liquid nitrogen and crushed manually. Samples were homog-
enized with 10mL DMEM and cleared of debris by centrifugation
(5min, 10,0004, 4°C). Prokaryotic and eukaryotic cell-sized parti-
cles were removed from the supernatant through successive filtra-
tions (0.8, 0.45, 0.22um), using cellulose-acetate membrane filters
(Nalgene). Filtrates were cleared of less dense components through
a 1-h ultracentrifugation (100,000g, 4°C), then resuspended and
cleared of persistent high-density particles with centrifugation
(15min, 10,000g, 4°C). Viral particles were pelleted with an addi-
tional 1 h ultracentrifugation (Salmier et al., 2017).

Because a diversity of contaminants, including viruses can be
found in laboratory reagents and commercially available extraction/
amplification kits, a negative control sample containing 0.5mL
HBSS-1X alone was included. This negative control was processed
alongside the other samples from the ant washing step onward to
control for unexpected contamination in reagents which could po-
tentially influence metagenomic analyses of low biomass samples
(Rosario, Fierer, et al., 2018).

Resuspended viral pellets were treated with a mixture of Turbo
DNase (Ambion), Benzonase (Novagen) and RNase-One (Promega)
to digest nonenveloped nucleic acids (Allander et al., 2001). Viral
DNA and RNA was extracted and purified using the QIAmp Viral-
RNA mini kit (Qiagen) without carrier RNA. For each sample, DNA
virus-only and RNA virus-only libraries were constructed using
a whole transcriptome or whole genome amplification method
(Berthet et al., 2008). For the RNA virus-only amplification, an ali-
quot of half the nucleic acid collected was treated with Turbo DNase
to remove viral DNA. Persistent rRNA was depleted with GeneRead
rRNA-depletion kit (Qiagen). Viral RNA amplification was performed
using the QuantiTect Whole Transcriptome Kit (Qiagen). cDNA was
synthesized using SuperScript1-11l Reverse Transcriptase (Invitrogen)
and random hexamers (Roche). For DNA virus-only amplification,
an aliquot of half the extracted viral nucleic acids was treated with
RNase-One to remove viral RNA. Then viral DNA amplification was
performed using the QuantiTect Whole Genome Kit (Qiagen). To
ensure homogeneity and blunt ends, 10U of Klenow polymerase
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(Roche) was added to the amplified nucleic acids with 8 uL of ran-
dom hexamers (Roche), incubated 1h at 37°C, then 10 min at 75°C.
Samples were quantified using dsDNA Qubit assay kits (Qiagen).

Each sample was pooled for a total of 44 samples and an addi-
tional control sample. All sequencing was performed at Centre INRA
in Toulouse, France. The genomic sequencing libraries was generated
using the TruSeq DNA PCR-Free Sample Preparation Kit (lllumina).
Sequencing was carried out on a HiSeq3000 sequencing platform
(Illumina) using paired-end (2 x 150bp) reads across three runs.

The raw sequencing reads from each sample library were concat-
enated from all three runs. Raw reads were trimmed for quality and
adaptors removed using Trimmomatic v0.36 with default parameters
(Bolger et al., 2014). The quality of the trimmed reads was verified
using FastQC (Simons, 2010). Quality-filtered reads were mapped
to the most closely related ant species genome using Bowtie2 to
remove ant DNA contamination (Langmead & Salzberg, 2012).
For each sample library, the reads which did not map to an ant ge-
nome were de novo assembled using SPAdes-v3.14.0 (Bankevich
etal., 2012). For the SPAdes assembly, the single-cell mode was used
with K-mer sizes set at 21, 33, 55, 77, 99 and 127. Contigs larger
than 500bp were retained. Assembled contigs within each sample
were dereplicated based on a 95% identity cutoff using CD-HIT (Fu
et al., 2012). Contaminant contigs were removed from each sample
sequence library by comparing BLASTn (e-value <0.00001) against a
database containing assembled sequences from the negative control
library (Rosario, Fierer, et al., 2018). Additionally, CheckV-0.8.1 was
used to remove contigs suspected of host-derived sequence proviral
contamination (Nayfach et al., 2021).

To identify viral sequences, contigs from each library were com-
pared (BLASTx, e-value <0.001) against a viral protein database
containing sequences from NCBI RefSeq database using DIAMOND
(Buchfink et al., 2014). To further determine the prokaryotic viruses
in these samples, contigs were analysed using VirSorter-2.2.1 (Guo
et al., 2021). Contig sequences with significant matches to the viral
RefSeq database and VirSorter were compared against the GenBank
nonredundant database (BLASTx, e-value<0.001, downloaded:
11/02/22) to remove sequences that had higher identity with non-
viral sequences. To approximate viral taxonomy, the most closely
related viral taxa were defined using best-hit filtering.

The putative viral sequences were then sorted by taxon-
omy of top viral hit from the non-redundant protein database.
EMBOSSV6.6.0 predicted viral open reading frames for these pu-
tative viral sequences (Rice et al., 2000). The putative viral amino
acid (AA) sequences were compared (BLASTp, e-value <0.001) to
the nonredundant protein database to determine viral proteins
which definitively matched viral hallmark proteins within their tax-
onomic group. Any contig which contained a viral hallmark protein
was henceforth termed ‘viral genome fragments’ (VGF) or ‘phage ge-
nome fragment’ (PGF) and included in subsequent analyses.

These putative viral protein sequences were aligned with all re-
lated viruses from the same viral clades (downloaded from NCBI) using
MAFFT v7.309 employing the E-INS-i algorithm (Katoh et al., 2002).
ProtTest-v3.4.2 determined the best-fit AA substitution model for
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each alignment (Darriba et al., 2011). Subsequently, maximum likeli-
hood viral phylogenies were inferred using the nucleotide alignments
with RAxML-v8.2.11 (Stamatakis, 2014). These phylogenies were
used to infer the evolutionary relationships between these putative
viral sequences and their closest viral relatives (Shi et al., 2016). Any
newly discovered partial viral genome that clustered within the spe-
cific viral phylogeny was labelled a putative ant-associated VGF/PGF.

Completeness of these VGFs were assessed using CheckV-0.8.1
and manually evaluated based on the most closely related viral lin-
eage and viral proteins compared with ORFs within the viral contig,
with annotation performed in Geneious Prime-2020.0.4 (https://
www.geneious.com), using all available genomes within the viral
clade as reference (Nayfach et al., 2021). When VGFs of these ant
samples had >95% AA similarity to their top viral protein hit they
were considered the same viral species. If the entire viral genome
had >80% nucleotide pairwise similarity to their top viral genome
hit, they were considered an isolate of that viral genome. Assembled
contigs between each sample were considered duplicates of each
other if they clustered together based on a 95% sequence-wide
identity cutoff using CD-HIT (Fu et al.,, 2012). Cressdnaviricota
(CRESS) genomes were inspected for the presence of three RCR and
superfamily-3 (SF3) helicase motifs (Rosario, Dayaram, et al., 2012;
Rosario, Duffy, & Breitbart, 2012; Zuker, 2003). We used ggplot2
for all figure visualizations and ITOL for phylogenetic visualizations
(Letunic & Bork, 2007; Wickham, 2016).

Co-phylogeny analyses were performed using three meth-
ods: Procrustes approach to co-phylogeny (PACo), Jane4 soft-
ware and Bayesian tip-association significance testing software
(BaTS) (Conow et al., 2010; Hutchinson et al., 2017; Parker
et al., 2008). PACo assesses the evolutionary dependency of two
groups of interacting species using their phylogenetic history. The
PACo method was employed using Paco in R to test for signifi-
cant congruence between host-parasite phylogenies (Balbuena
etal., 2013; Hutchinson et al., 2017; R Core Team, 2017). For PACo
analyses, the null model selected was r0O, which assumes that virus
phylogeny tracks host phylogeny. Levels of cophylogenetic signal
were evaluated as the median global sum-of-squared residuals
(mzxy) and mean significance averaged over 100,000 posterior
trees. Jane is an event-based co-phylogenetic reconstruction ap-
proach, which evaluates the extent of virus-host co-divergence
within each viral clade (Conow et al., 2010). Only ant-associated
viruses identified in this study were included in these viral phy-
logenies. For the host phylogeny, we used the ant phylogeny from
Nelsen et al. (2018), including only the 35 ant species sampled
(Nelsen et al., 2018). The cost-scheme was set to default and
generations and population-size to 500. The co-divergence sig-
nificance was derived by comparing the estimated costs of null
distributions from 1000 randomizations of host tip mapping. We
visualized these associations between the viral and ant phylogeny
using phytools to create a tanglegram (Revell, 2012). Non-random
trait association of tips across the viral phylogeny was tested using
BaTS (Parker et al., 2008; Shi et al., 2018). BaTS considered ant
host phylogenetic structure at species, genus and subfamily, then

85U80|7 SUOWWOD dA a1 8|qedt|dde ayy Aq peuseAob ae S9phe YO ‘@SN JO S9N 10 A%eiqi8uljuO 8|1 UO (SUONIPUOD-pUe-SW.el W00 A 1M Afeiq 1 Ul |uo//:Sdny) SuonIpuoD pue swie | aurses *[7z0z/0T/cz] uo Arigiiauluo Aeim ‘oBeoyD JO AseAIUN AQ 6TS.T 98W/TTTT OT/I0p/Woo A3 | Arelqijeuljuo//:Sdny Wwiouy pepeoumoq ‘6T *¥202 ‘X6259ET


https://www.geneious.com
https://www.geneious.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fmec.17519&mode=

FLYNN and MOREAU

40f 16
—I—Wl |l A& MOLECULAR ECOLOGY

estimated an association index (Al) to identify the strength of the
association between viral-ant host phylogenies and compared to a
null distribution (over 10,000 tree-tip randomizations) to infer an
Al-Ratio (observed Al/null Al). We chose to include the bacterio-
phage lineages (Microviridae and Caudoviricetes) since previous
studies have illustrated co-diversification patterns of bacterio-
phage to their animal hosts (Wu et al., 2024).

BaTS was also used to test for the association between ecologi-
cal traits of the ant host species and every inferred viral phylogeny.
The ecological traits tested were diet (herbivorous, carnivorous
and omnivorous), habitat (urban and rainforest), nest type (ground,
arboreal or leaf litter/rotten log) and bacterial abundance within
ant colony measured through gPCR (low, medium and high). All of
these ecological traits were described for each of these ant samples
in Chanson et al. (2023). Al was estimated to identify the strength
of the association between the viral phylogeny and particular eco-
logical trait of the ant host. Because all of these ant ecological traits
were categorical variables, § statistic was calculated to evaluate the
effects of phylogeny on the evolution of a categorical trait across
species (Borges et al., 2019; Wang et al., 2021). The estimated §
for the given trait is compared to the null distribution for random
5 (over 10,000 iterations) to assess significant phylogenetic signal
for the trait. The § statistic decreases when the trait evolved inde-
pendently across the phylogeny and the § value was calculated in
ape within R (Paradis & Schliep, 2019).

3 | RESULTS
3.1 | Ant-associated viral identification

A total of 35 ant species from 44 ant colonies and one control were
sequenced for DNA and RNA viruses (Table S1). Multiple worker
ants were collected from the same colony, ranging from four to 75
ants per colony depending on worker size (Table S1). Additionally,
there were nine identical ant species paired between the urban and
rainforest habitats (Table S1 and Figure S1). The total raw sequenc-
ing reads were 769,125,840 reads, with an average of 17,091,685
reads per ant colony sample. There was variability in the number
of raw sequencing reads with the most being Paraponera clavata
(CSM3708) with 22,544,316 reads and the least, Odontomachus
haematodus (CSM3670) with 6,178,730 reads. Though we recorded
read abundance for every ant sample, it was not analysed more thor-
oughly due the multiple displacement amplification (MDA) method-
ology, which can lead to biases towards circular ssDNA viruses and
skew read abundance estimates (Sullivan et al., 2016).

A total of 3841 ant-associated viral genomes (both partial and
complete) were identified in this study, with 3710 of these viruses
considered both unique and novel. Based on sequence similarity,
only 52 viruses within the ant samples were considered the same
viral species as their top viral protein hit, and therefore not ‘novel’
Additionally, there were 72 clusters of both partial and complete viral
genomes which had >95% sequence identity to each other and were
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therefore considered identical and not ‘unique’ (25 Microvirus, 22
CRESS virus, 17 Parvovirus, 6 Picorna-Calici, 1 Caudoviricetes and 1
Crucivirus clusters- constituting 79 ‘not unique’ viruses). These iden-
tical clusters consisted of viruses primarily from ants within different
subfamilies, though there were several instances of identical viruses
found within subfamily, genus, and species level (Data S1). Of the
3841 viruses identified, a total of 659 viral genomes were assessed
as complete (17.20% of total; Table 1).

The most common VGFs identified were most closely related
to the Microviridae viral clade (1339), Picorna-Calici clade (1135),
CRESS (637), Parvoviridae (249) and Caudoviricetes (135) (Figure 1).
Though the majority of these VGFs fell within these five viral clades,
there was a wide overall diversity with 13 viral RNA clades and
nine viral DNA clades represented. Additionally, there was variabil-
ity between which ant genera hosted the largest number of VGFs
(Figure 2). Within our study, Dolichoderus (882 viruses), Ectatomma
(784), Crematogaster (573), Daceton (355) and Odontomachus (305)
all hosted the largest number of viruses, whereas several genera in-
cluding Atta (25), Pseudomyrmex (19) and Anochetus (3) hosted far few
viruses (Figures S2 and 3). This same pattern held true when identify-
ing viruses by ant species (Figure 3). Colony level viral patterns could
be impacted by the fact we did not classify by worker subtype (i.e.
foraging workers could harbour more viruses than nursing workers).
The viral genome type appeared to be non-randomly distributed, with
58.97% of the VGFs derived from ssDNA viruses and 34.55% from
ssRNA+ viruses, whereas ssSRNA-, dsRNA, and dsDNA all comprised
the remainder (Figure S3). This non-random distribution could in part
be due to the MDA bias towards sequencing small, circular ssDNA vi-
ruses (Sullivan et al., 2016). Before this study there were a total of 170
viruses previously described in ant species, with 40 unique viruses de-
scribed (Figure 1). Of these 170 viruses, the majority were described
from the ant genus, Solenopsis (29.41%) and other invasive ant species.

Though we identified viruses within both Bidnaviridae and
Nucleocytoviricota, however, since none of the viruses in our data-
set definitively matched viral hallmark proteins, we did not infer
phylogenies for either of these clades. Additionally, if the specific
viral genome did not include the hallmark protein of its viral clade it
was not included in a phylogeny. Therefore, a totalled of 120 viruses
within our dataset were not included in the inferred viral phyloge-
nies. All phylogenies from every inferred viral clade discussed below
can be found at https://doi.org/10.5281/zenodo0.11643759.

3.2 | Novel positive-sense single-stranded RNA
(+ssRNA) viruses
3.2.1 | Astro

Two VGF both from Dolichoderus attelaboides were most closely related
to the Astrovirus clade (Figure 2a). Dolichoderus attelaboides Astro
VGF-1 fell within the passerine astrovirus clade, whereas Dolichoderus
attelaboides Astro VGF-2 was most closely related to the Hainan gecko
similignum astrovirus, within a group of vertebrate viruses.
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TABLE 1 Table of viral genomes.

Total viral

Viral lineage Genome type  contigs
Anelloviridae ssDNA 1
Astro ssRNA+ 2
Bunya-Arena ssRNA- 20
Caudoviricetes dsDNA 135
Bidnaviridae ssDNA 5
Cressdnaviricota (CRESS) ssDNA 637
Cruciviridae ssDNA 34
Hepe-Virga ssRNA+ 8
Lefavirales dsDNA 8
Luteo-Sobemo ssRNA+ 70
Microviridae ssDNA 1339
Mono-Chu ssRNA- 7
Narna-Levi ssRNA+ 34
Nucleocytoviricota dsDNA 3
Partiti-Picobirna dsRNA 35
Parvoviridae ssDNA 249
Permutotetra ssRNA+ 33
Picorna-Calici ssRNA+ 1135
Reo dsRNA 2
Tombus-Noda ssRNA+ 45
Toti-Chryso (including Mycovirus) dsRNA 33
Weivirus dsRNA 6

Total 3841
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Complete Hallmark Substitution
genomes Used protein model
1 VP2 VT+I1+G
0 2 RdRp LG+1+G
0 20 RdRp VT+G+F
1 58 TerL Blosum62
0 NA NS1 NA
181 637 Rep VT+G
15 34 Rep Blosumé62+G
0 8 RdRp LG+G
3 PIF1 WAG+I+G+F
0 70 RdRp LG+1+G
405 1339 MCP PMB+G+F
0 7 RdRp LI+1+G
1 34 RdRp VT+G
NA MCP NA
0 35 RdRp BLOSUM62+G
53 219 NS1 LG+G
0 33 RdRp VT+G
0 1135 RdRp PMB+G
0 2 RdRp LG+G
0 45 RdRp LG+G
0 33 RdRp Blosum62+G
0 6 RdRp Blosumé62+1+G
659 3721

Note: ‘Total viral contigs’ are the number of total viral genome fragments combined with the complete viral genomes discovered within this study and
the complete genomes are the number of complete viral genomes discovered. ‘Used’ are the number of viruses used in the phylogenetic inference for
this viral clade. The hallmark protein column is the viral protein identified in the literature which is most frequently used for phylogenetic inference.
The ‘substitution model’ column represents the best-fit amino acid substitution model for each viral alignment. More detailed information on the

specific viral contigs discovered within this study can be found in Data S1.

3.2.2 | Hepe-Virga

Eight ant-associated VGF fell within the Hepe-Virga RdRp phy-
logeny across three species (Atta cephalotes, Camponotus femo-
ratus, Nylanderia sp. and Dolichoderus attelaboides; Figure 2g).
Interestingly, five of these VGF (Atta cephalotes Hepe-Virga
VGF-1 and -2, Dolichoderus attelaboides Hepe-Virga VGF-1, and
Camponotus femoratus Hepe-Virga VGF-1) were demonstrated
to be closely related to plant viruses in clades which serve as
natural hosts for plants such as Virgaviridae, Tymoviridae and
Betaflexviridae. These putative ant-associated viruses might be
insect vectors for plant pathogenic transmission. Nylanderia sp.
Hepe-Virga VGF-1 and Dolichoderus attelaboides Hepe-Virga
VGF-2 fell within fungal-associated viruses within the Benyvirus
clade. Nylanderia sp. Hepe-Virga VGF-2 clustered within a clade of
Virgaviridae viruses which infect insects. Additionally, Nylanderia
sp. Hepe-Virga VGF-3 fell next to Hepeviridae viruses associated
with the faeces of vertebrates which prey on ants (Vulpes vulpes and
Gymnophithys rufigula).
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3.2.3 | Luteo-Sobemo

There were 70 ant-associated VGF within the Luteo-Sobemo clades
across 15 ant species (Figure 2i). Plants serve as natural hosts for
Luteo-Sobemo viruses, however many of these viruses use insects
as transmission vectors. Most of the ant viruses discovered fell
within the Sobemovirus clade (47 Luteo-Sobemo VGF), however two
VGF clustered with Barnaviruses (Dolichoderus attelaboides Luteo-
Sobemo VGF-1 and Camponotus femoratus Luteo-Sobemo VGF-1),
six VGF were most closely related to Poleroviruses. Additionally, 15
VGF across seven ant species formed a sister clade to Poleroviruses,

possibly representing ancient divergence of ant Poleroviruses.

3.24 | Tombus-Noda

Of the 45 Tombus-Noda associated ant VGF, most clustered with
Tombusviridae (36 ant VGF) across 17 ant species (Figure 2r).
Tombusviridae generally infect plants, however recently several
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FIGURE 1 Identification of ant-associated viruses across divergent viral clades within widespread ant host genera. Total number of
viruses within each viral clade. Red and blue represent current and previously discovered ant-associated viruses, respectively. Bacteria
symbol represents viruses discovered which are known to infect bacteria.

Tombus-associated viruses have been demonstrated to infect in-
sects. Nodaviridae generally infect vertebrates, yet the nine ant-
associated VGF clustered with several insect-associated ant viruses
within the Nodaviridae clade (such as Gungahlin Chrysomya noda-
like virus, Sano virus and Carano virus).

3.2.5 | Permutotetra

There were 33 total Permutotetra-associated ant VGF (Figure 20).
Three of these viruses formed a distinct cluster outside of estab-
lished Permutotetra viral lineages (Dolichoderus attelaboides
Permutotetra VGF-1, Camponotus ant VGF-4 and Camponotus
femoratus Permutotetra VGF-5). Insects are the natural hosts of
Permutotetra viruses and the other 30 ant-associated Permutotetra
VGF (across 11 ant species) clustered around the previously discov-
ered insect-associated Permutotera.

3.2.6 | Narna-Levi

Within the Narna-Levi phylogeny there were 33 ant-associated Narna-
Levi VGF and one complete Cephalotes atratus Narna-Levi virus 1,
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which is the only complete RNA virus in this dataset (Figure 2l). The
Narna-Levi viruses within this dataset were mostly associated with
Cephalotes and Crematogaster ant hosts (27/34). 15 Cephalotes and
Crematogaster associated VGF (and Cephalotes atratus Narna-Levi
virus 1) fell outside of classified Narna-Levi viruses. The rest of the ant-
associated VGF were spread throughout the Narna-Levi phylogeny.

3.2.7 | Picorna-Calici

Picorna-Calici were by far most prevalent ant-associated RNA vi-
ruses with 1135 VGF across 30 species of ants (Figure 2p). 918 ant-
associated VGF fell within unclassified Picornavirales and created an
ant-specific clade without clustering with any other previously dis-
covered viruses, possibly representing ancient divergence of Picorna-
Calici ant-associated viruses. 74 additional ant-associated VGF were
fell within unclassified Picornavirales viruses. 31 ant-associated
Picorna-Calici VGF were most closely related to Caliviridae viruses.
Dolichoderus attelaboides Picorna-Calici VGF-60 was found within
Paavivirinae. Daceton armigerum Picorna-Calici VGF-208 fell within
Kobuvirus. Dolichoderus attelaboides Picorna-Calici VGF-19 clus-
tered with Sicinivirus. One ant-associated VGF fell within the lineage
Kodimesavirinae - Crematogaster ant Picorna-Calici VGF-45. Within

85US01 T SUOLUWIOD BA 118D 9|qeoljdde ay) Aq peusenob aJe seppiie VO '8sn Jo S9Nl Joj AkelqiTauljuQ AB|1/W UO (SUONIPUCD-pUe-SWBIL0D A3 1M ATl 1jpul jUo//Sdny) SUONIPUOD pue swis | 8y} 89S *[Z0z/0T/EZ] Uo Ariqisuliuo As|im ‘0Beoiyd JO AsieAun Aq 6TG.T 98W/TTTT OT/I0p/wod A 1M Areiqijeul|uo//sdny woij papeojumod ‘6T ‘v20Z ‘Xy62S9ET


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fmec.17519&mode=

FLYNN and MOREAU

7 of 16
MOLECULAR ECOLOGY gAViVA i [l A%

FIGURE 2 Twenty phylogenetic trees
representing the major clades of virus
discovered in this study. Cladograms a-t
are midpoint rooted and within each tree,
the viruses discovered in this study are
shaded red, while every virus on NCBI
found within that specific viral clade are
shaded in black. Detailed phylogeny files
with sequence names and bootstrap
supports are available at Zenodo.
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Caphthovirinae, there were two ant-associated VGF (Solenopsis gemi-
nata Picorna-Calici VGF-11 and Cephalotes ant Picorna-Calici VGF-23).

Seven ant-associated VGF fell within the Ensavirinae clade.
Within Iflaviridae there were 39 closely related ant-associated VGF.
60 ant-associated VGF clustered with the Dicistroviridae family

within Picorna-Calici.

3.3 | Novel negative-sense single-stranded RNA
(-ssRNA\) viruses
3.3.1 | Bunya-Arena

A total of 20 ant-associated VGF were identified as most closely re-
lated to the exogenous Bunya-Arena viral clade (Figure 2c). The VGF
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came from Odontomachus haematodus (13 from the same colony),
and Crematogaster ants (six from two species), as well as one VGF
from Daceton armigerum. Overall, these VGF were quite evenly dis-
tributed across the Bunya-Arena RdRp phylogeny, with a cluster of
five VGF (Odontomachus haematodus Bunya-Arena VGF-3, -4, -6
and -12, and Crematogaster levior Bunya-Arena VGF-3) within the
Phasmaviridae lineage, which are a clade of viruses which primarily

infect insects.

3.3.2 | Mono-Chu

Seven VGF fell within the Mono-Chu lineage, which are known to
commonly infect both vertebrates and invertebrates (Figure 2k).
Cephalotes ant Mono-Chu VGF-2 and Daceton armigerum
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FIGURE 3 Phylogenetic relationships of ant hosts and viral genome fr
modified from (Nelsen et al., 2018), coloured by ant subfamily. Bar graph
species, coloured by viral clade.

Mono-Chu VGF-2 were found to be most closely related to bee-
associated viruses within Rhabdoviridae. Cephalotes ant VGF-1
fell within Mymonaviridae where fungus serve as the predominant
host, though also recently been found in insects and plants. Daceton
armigerum Mono-Chu VGF-1 and -3 clustered with Orinoviruses
which frequently infect insects and Daceton armigerum Mono-Chu
VGF-4 sister to Chuviridae which are associated with many species
of insect. Cephalotes ant Mono-Chu VGF-3 was sister to a large
clade of Mononegavirales viruses.

3.4 | Novel double-stranded RNA (dsRNA) viruses
3.4.1 | Toti-Chryso

Fungus serves as natural hosts of Toti-Chryso viruses, though re-
cently there has been discovery of Toti-Chryso viruses infect-
ing insect, plants, crustaceans, and mammals. There were 33
ant-associated Toti-Chryso VGF discovered within this study
(Figure 2s). The vast majority of the Toti-Chryso VGF (31) were
most closely related to Totiviridae viruses. Within the Totiviridae
lineage, Crematogaster ant Toti-Chryso VGF-2 and -8 fell within the
Victorivirus genus, which currently only has fungal hosts. Two VGF-
Labidus coecus Toti-Chryso VGF-3 and Ectatomma tuberculatum

Toti-Chryso VGF-2 fell within Chrysoviridae lineage.
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agments discovered. Phylogeny of the ant host species surveyed
represents number of ant-associated viruses discovered per ant

3.4.2 | Partiti-Picobirna

35 ant-associated VGF were within the Partiti-Picobirna viral lineage
across 15 ant species (Figure 2m). Partiti-Picobirna viruses primarily
infect fungi, plants and insects. Seven ant-associated viruses fell out-
side all viruses within this Partiti-Picobirna phylogeny, which included:
Labidus coecus Partiti-Picobirna VGF-1, -3, Ectatomma tuberculatum
Partiti-Picobirna VGF-2, Cephalotes atratus Partiti-Picobirna VGF-1,
-2, and Crematogaster ant Partiti-Picobirna VGF-4, and Solenopsis
virulens Partiti-Picobirna VGF-1. This clade possibly represents an
ancient divergence of ant-associated viruses from Partiti-Picobirna
viruses. Within the Partitiviridae lineage, nine ant-associated VGF
clustered within their own distinct ant-associated clade. These
VGF included Gigantiops destructor Partiti-Picobirna VGF-1, -2,
Dolichoderus bispinosus Partiti-Picobirna VGF-3, Dolichoderus at-
telaboides Partiti-Picobirna VGF-1, Odontomachus hastatus Partiti-
Picobirna VGF-1, Crematogaster ant Partiti-Picobirna VGF-1, -3 and
Ectatomma tuberculatum Partiti-Picobirna VGF-3, -5. Additionally,
there were 19 other ant-associated VGF within phylogeny.

34.3 | Reo

Reovirales have a widespread host range across plants, inver-

tebrates and vertebrates. Both of the two ant-associated VGF
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within the Reovirales were found in the ant species Odontomachus
haematodus within the same colony (Figure 2q). Odontomachus
haematodus Reo VGF-2 clustered within the Orthoreovirus genus
and Odontomachus haematodus Reo VGF-1 was sister to this
clade.

3.4.4 | Weivirus

There were six ant-associated VGF within the relatively newly de-
scribed Weivirus clade (Figure 2t). Weiviruses have been found to
be associated with mostly arthropod hosts. Within this phylogeny,
Crematogaster ant Weivirus VGF-1, -2 and -3 clustered together,
and Dolichoderus bispinosus Weivirus VGF-1, Ectatomma tubercu-
latum Weivirus VGF-1, and Cephalotes atratus Weivirus VGF-1 all
were recovered within the phylogeny.

3.5 | Novel dsDNA viruses
3.5.1 | Caudoviricetes

There are over 3500 viral species within Caudoviricetes, ac-
counting for over 30% of all classified viruses. Within this
Caudoviricetes bacteriophage phylogeny, there were 57 ant-
associated Caudoviricetes PGF across 17 ant speciesand one com-
plete Caudoviricetes bacteriophage genome within Dolichoderus
bispinosus (Figure 2d). The ant-associated bacteriophages were
recovered quite evenly across the entire Caudoviricetes phy-
logeny, not clustering together within a specific bacteriophage

lineage.

3.5.2 | Lefavirales

Within the Lefavirales phylogeny there were two ant-associated
VGF, within Gigantiops destructor and Dolichoderus bispinosus
and one complete Lefavirales virus within Ectatomma brunneum
(Figure 2h). Lefavirales viruses commonly infect arthropods and are
frequently symptomatic within infected individuals. Dolichoderus
bispinosus Lefavirales VGF-2 and Ectatomma brunneum virus 1
fell within the Nudiviridae lineage. Nudiviruses often cause dis-
ease within their insect hosts including death in the larvae and
chronic disease within adults. Gigantiops destructor Lefavirales
VGF-4 was most sister to both Musca domestica salivary gland hy-
pertrophy virus and Glossina pallidipes salivary gland hypertrophy
virus which are both within Hytrosaviridae. These viruses hinder
both fertility and fecundity within Musca domestica and Glossina
pallidipes, and the discovery of a salivary gland hypertrophy virus
within an ant opens the possibility of Hytrosaviridae viral infection

within hymenopterans.
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3.6 | Novel ssDNA viruses

3.6.1 | Anelloviridae

One complete ant-associated virus fell within the Anelloviridae viral
family: Dolichoderus bispinosus Anelloviridae virus 1 and was most
closely related to Gyrovirus-11 (Figure 2b).

3.6.2 | Cress

We identified 637 VGF and 181 complete circular genomes of ssDNA
CRESS viruses across 30 ant species (Figure 2e). 166 of these com-
plete genomes are newly discovered, with others found within previ-
ously described dragonfly and bat-associated viral clades (Table S2).
A hallmark of all Rep proteins of CRESS viruses are the conserved
RCR-endonuclease and SF3 helicase domains (Rosario, Duffy, &
Breitbart, 2012). We were able to identify RCR, SF3-helicase and
nonanucleotide motifs for 181 of 637 Rep-encoding CRESS viruses
from this study. The number of complete CRESS genomes does
not correlate with number of total ant samples from each subfam-
ily (Figure S4). The majority of the complete ant-associated CRESS
viruses identified fell outside of described CRESS viral families (137
complete CRESS viruses and 562 VGF).

However, several newly identified ant-associated CRESS vi-
ruses clustered within the CRESS viral families Circoviridae (35
complete CRESS viruses including 11 viral isolates and 25 VGF)
and Genomoviridae (5 complete viruses including 4 viral isolates
and 42 VGF) clades (Figures S5 and Sé illustrate the complete
CRESS viral phylogenies). Within Smacoviridae, there were five
VGF (Dolichoderus bispinosus CRESS VGF-54, Labidus coecus
VGF-1, Ectatomma tuberculatum CRESS VGF-22 and -54, and
Odontomachus haematodus VGF-9) and across Geminiviridae -
three ant-associated VGF: Crematogaster ant CRESS VGF-5,
Odontomachus bauri CRESS VGF-2 and Dolichoderus bispinosus
CRESS VGF-2.

3.6.3 | Cruciviridae

There were 35 ant-associated VGF and 15 ant-associated complete
genomes within the Cruciviridae phylogeny and these viruses were

evenly spread across the Cruciviridae phylogeny (Figure 2f).

3.6.4 | Parvoviridae

There were 166 ant-associated VGF and 53 ant-associated com-
plete viruses within the Parvoviridae phylogeny, across 22 dif-
ferent ant species (Figure 2n). Within Parvovirinae, there were 27

unclassified ant-associated Parvovirinae VGF. One VGF fell within
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the Bocaparvovirus-Dolichoderus bispinosus Parvoviridae VGF-2.
Within the Brevihamaparvovirus lineage, nine ant-associated vi-
ruses clustered including four complete viruses and five VGF. One
complete virus was most closely related to the Dependoparvovirus
lineage - Crematogaster ant Parvovirus 12. Four VGF clus-
tered within the Chapparvovirus genus. 12 VGF and one com-
plete virus (Dolichoderus bispinosus Parvovirus 6) fell within the
Ichthamaparvovirus. Within Densovirinae, there were 61 ant-
associated VGF which were most closely related to unclassified
Densovirinae. 92 ant-associated VGF and complete viruses fell within
Ambidensovirus. Dolichoderus bispinosus Parvoviridae VGF-31 was
most closely related to Aquambidensovirus. Two ant-associated
VGF fell within the Blattambidensovirus (Dolichoderus bispinosus
Parvoviridae VGF-4 and -12). One VGF (Dolichoderus bispinosus
Parvoviridae VGF-18) and two complete viruses (Ectatomma tuber-
culatum Parvovirus 3 and Crematogaster levior Parvovirus 2) clus-
tered within Iteradensovirus. Additionally, five ant-associated VGF
fell outside of any classified Parvoviridae clades.

3.6.5 | Microviridae

Overall, we recovered 934 PGF and 405 complete bacteriophage
which were associated with bacteria found within the sampled ants
(Figure 2j). Currently, there are two subfamilies within Microviridae:
Gokushovirinae and Bullavirinae. Bullavirinae bacteriophage tend
to infect Enterobacteria, which are known to be facultative sym-

bionts with certain insect species (Moran et al., 2005). Only one

ant-associated PGF was found within the Bullavirinae-Dolichoderus
bispinosus Microviridae PGF-209. Gokushovirinae are primarily in-
fected by Spiroplasma, Chlamydia, Bdellovibrio and more recently
identified in free-living bacteria (Kirchberger & Ochman, 2020).
Ant-associated PGF recovered from Gokushovirinae included 385
complete bacteriophage and 856 PGF. 20 complete ant-associated
bacteriophage and 77 PGF were most closely related to clades of

unclassified Microviridae bacteriophages.

3.7 | Phylogenetic and ecological analyses of
viral-host structure

To test for phylogenetic signal between the ant hosts and their as-
sociated viruses, we performed three analyses of phylogenetic
co-divergence using BaTS, PACo and Jane. Five viral clades were
statistically significant across all three analyses. These consisted of
two DNA viral clades: CRESS and Microviridae, and three viral RNA
clades: Narna-Levi, Tombus-Noda and Picorna-Calici (Figure 4). We
visualized the Jane estimates of co-divergence events across the five
viral clades which exhibited significant ant-viral phylogenetic asso-
ciation (Figure 4). Overall, these five clades tended to have fewer
instances of host switching compared to viral clades which were not
found to be significant (Table S3). The tanglegram illustrates the fre-
quent host switching between the ant-associated CRESS virus and
the ant host phylogeny (Figure S7).

Four ecological traits were tested (habitat type, nest type, diet

type and bacterial abundance of the colony) for association between

CRESS Microviridae Narna-Levi Tombus-Noda Picorna-Calici
" — 125 - © — .
E Co-divergence | 100
EJ Duplication 7 s 1 0 %
Host_Switch .
E Extinction ¢ 5o & ® —
= == _ —_— 1 == o — _ ==
Jane x=274.28 x=167.3 x=48.7 x=70.97 x=212.28
p<0.010 p<0.010 p=0.046 p=0.050 p=0.047
BaTS Al=0.92; Al=0.9; Al=0.77; Al=0.86; Al=0.79;
p<0.001 p=0.020 p=0.046 p=0.021 p<0.001
PACO m?=3992443; m?= 455665; m?=351130; m?=860429; m?=25435813 ;
p=0.050 p=0.02 p<0.001 p<0.001 p=0.010

FIGURE 4 Boxplots of estimation of co-phylogenetic events. These co-phylogenetic events are represented across the history of the

five ant-associated viral clades which were significant for all three test of host-viral association and co-divergence (CRESS, Microviridae,
Narna-Levi, Tombus-Noda and Picorna-Calici). Number of occurrences of different co-evolutionary scenarios for boxplots produced by
JANE. Boxplot illustrates the estimated median (centre line), upper and lower quartiles (box limits), and 1.5 xinterquartile range (whiskers) of
the co-divergence (blue), duplication (purple), host-switching (yellow) and extinction (red) events. Table below boxplot represents the results
and p-value for each test of co-divergence performed (Jane, BaTS and PACo). For the BaTS Al ratio, A ratio closer to O suggests stronger host
structure and closer to 1 a weaker host structure.

RIGHTSE LI MN iy

85U80|7 SUOWWOD dA a1 8|qedt|dde ayy Aq peuseAob ae S9phe YO ‘@SN JO S9N 10 A%eiqi8uljuO 8|1 UO (SUONIPUOD-pUe-SW.el W00 A 1M Afeiq 1 Ul |uo//:Sdny) SuonIpuoD pue swie | aurses *[7z0z/0T/cz] uo Arigiiauluo Aeim ‘oBeoyD JO AseAIUN AQ 6TS.T 98W/TTTT OT/I0p/Woo A3 | Arelqijeuljuo//:Sdny Wwiouy pepeoumoq ‘6T *¥202 ‘X6259ET


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fmec.17519&mode=

FLYNN and MOREAU

ant species trait and each viral phylogeny. Two metrics were calcu-
lated: § value for ecological traits within the ant hosts as a measure
of phylogenetic signal as well as BaTS to measure the association be-
tween ecological traits and the viral clade evolutionary history. We
found that across all viruses, four viral clades (Parvoviridae, CRESS,
Microviridae and Picorna-Calici) had a statistically significant as-
sociation for both BaTS and § between habitat type and the viral
phylogeny, with rainforest habitat constituting a significantly larger
portion across these viral clades (Tables S4 and S5). Microviridae,
Caudoviricetes and Picorna-Calici phylogenies were statistically
correlated with the bacterial abundance of the ant host. Only the
Picorna-Calici clade had a significant association with diet type and
no viral clades had significant association with nest type (Tables S4
and S5).

4 | DISCUSSION

We discovered a staggering diversity of unique RNA and DNA vi-
ruses within ants. With the addition of our new ant-associated vi-
ruses, our study constitutes 95.8% of all currently described ant
viruses, significantly increasing our knowledge of the ant virosphere.
The viruses identified were predominantly novel and often divergent
from previously known viruses, with over half exhibiting less than
50% AA identity to their top viral protein hit. Similarly to the bee
virome (Deboutte et al., 2020), the newly discovered viruses were
diverse and often unclassified. Unexpectedly, we were able to iden-
tify both DNA and RNA viruses within all ant colonies. Over half of
the recovered viruses were ssDNA viruses. This could potentially be
due to our methodology, which may preferentially amplify ssDNA.
Still, over a third of the recovered VGFs were from RNA viruses and
large DNA viruses indicating that these are likely in high abundance
within the sampled ant colonies.

This study found that ants are infected by at least 13 different
RNA viral clades (Figure 1). Metagenomic data allowed us to char-
acterize 1430 viruses that contained an RNA-dependent RNA poly-
merase (RdRp) domain, the only universal gene among RNA viruses.
Sequence alignments and structural comparisons revealed extensive
sequence divergence within these newly discovered RdRp domains,
with most sharing less than 50% AA identity with those RNA viruses
described previously. The Picorna-Calici clade consists of the large
and diverse Picornaviridae and the vertebrate-infecting Caliciviridae,
as well as a wide variety of other unclassified viruses. The largest
number of ant-associated VGFs identified within this study (1139)
belonged in this clade. This abundance is consistent with previous
studies (e.g. all Solenopsis invicta viruses; Olendraite et al., 2017).
Moreover, viruses throughout the clade commonly infect arthropod
lineages (Shi et al., 2016).

Mycoviruses are RNA viruses which are known to infect fungus.
Six mycoviral genome fragments were identified in Atta cephalotes
and five in Labidus coecus, found within the dsRNA Toti-Chryso viral
lineage (Figure 2). Fungus-farming attine ant species (Atta and other
Myrmicinae genera) obligately depend on the cultivation of specific
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clades of fungus for food. This close relationship between fungal
symbionts and their ant species could explain viral host switching
from traditionally fungal-associated viruses to ants. This may be a
demonstration of horizontal virus transfer (HVT), the transmission
of viruses between often distantly related hosts and is thought to
be an important aspect of viral evolution (Dolja & Koonin, 2018).
Invertebrates are known to exhibit frequent HVT, often sharing
the same viral species with distantly related organisms even in
other kingdoms of life (Wolf et al., 2020). Labidus coecus is a gen-
eral predator often preying on the brood of other ants, including
fungus-growing ants, like Atta. More extensive sampling of fungus-
gardening ant lineages would be necessary to better understand the
relationship between fungus, ants and mycoviruses since another
possibility is that these fungal-associated viruses could be infecting
fungi living in the gut of the ant or acquired ephemerally from their
diet. To be certain that fungal-associated viruses are truly replicat-
ing in the ant host, we would need to perform small RNA sequenc-
ing to examine the cellular RNA interference response (Viljakainen
et al., 2023). Therefore, further studies are needed to determine
active replication and transmission mechanisms of these viruses in-
fecting ant hosts.

Another primarily fungal-infecting clade is the Narna-Levi vi-
ruses. Surprisingly, the only complete RNA virus we discovered was
within the Narna-Levi clade and identified in a Cephalotes atratus ant
host. Narna-Levi viruses contain the simplest genomes of any RNA
virus and the RdRp domain is highly divergent from other RNA vi-
ruses (Hillman & Cai, 2013; Retallack et al., 2021). Though, fungi are
the natural hosts of Narna-Levi viruses, they are thought to occa-
sionally infect protists, and now ants.

The DNA viral clades Microviridae, Parvoviridae, and CRESS
viruses were the most abundant and well-assembled viruses in our
dataset. This was somewhat unexpected since DNA viruses infect-
ing ants were extremely rare until this study. The viral Anelloviridae
family consists of small ssDNA viral genomes, commonly found in
vertebrates. Within our study, a complete Gyrovirus genome was
characterized in a Dolichoderus bispinosus ant host, the first time any
Anelloviridae virus has been discovered in an invertebrate. The most
closely related virus to Dolichoduerus bispinosus Gyrovirus 1 was
Gyrovirus 11 (68.85% genome-wide pairwise identity). Gyrovirus 11
was discovered in the Ferruginous-backed Antbird (Myrmeciza ferru-
ginea), whose diet consists primarily of insects (Mestre et al., 2010).
Intriguingly, this bird-associated gyrovirus was found at the exact
same isolated Amazonian rainforest locality within Nouragues
Reserve, French Guiana. This provides possible evidence of a viral
host switching event between distantly related predator and prey
species within the same habitat or could be the signal of the bird
eating a virus infected insect.

Bacteriophages composed 38.38% of our ant-associated viral
dataset and were found across every ant sampled, the most abundant
complete viral genomes being Microviridae, small ssDNA viruses.
Additionally, Caudoviricetes are a group of large dsDNA viruses, and
make up over 30% of all recognized viral species (Walker et al., 2020).
The ubiquity of bacteriophage within many ant species is logical due to
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the notable associations many bacterial clades exhibit within ant guts
(Anderson et al., 2012; Moreau, 2020; Russell et al., 2009). Bee and
fly-associated bacteriophages have been widely surveyed and were
complex, diverse, and abundant (Deboutte et al., 2020; Kraberger
et al., 2019). Not surprisingly, these insect bacteriophages were often
the most closely related bacteriophage to the ant-associated bacte-
riophages within this study. Still, only 10 of 1474 bacteriophage VGFs
had >95% AA sequence similarity to their top viral protein hit, im-
plying most of these bacteriophages are divergent from previously
known isolates. Though we cannot definitively link the bacteriophage
with their bacterial hosts through metagenomic data alone, this study
demonstrates their diversity and abundance.

CRESS viruses are circular replication-encoding single-strand
DNA viruses within the viral phylum Cressdnaviricota, consisting
of seven families. CRESS viruses are widespread across the tree
of life (Krupovic et al., 2020). Recent evidence points to cross-
kingdom transmission between plant-infecting CRESS viruses and
their insect hosts (Czosnek et al., 2017; Liu et al., 2013). For ex-
ample, a novel CRESS virus was documented in all three obligately
symbiotic African ant species that colonize the Whistling-Thorn
Acacia tree Vachellia drepanolobium (Rosario, Mettel, et al., 2018).
This potential interkingdom transmission of CRESS viruses reveal
that they may serve a previously unexpected but important role in
the ecology of ant ecosystems. Most information on CRESS viruses
derive from surveys of environmental samples, like sewage, mak-
ing precise eukaryotic host-viral linkages impossible to decipher
(Kajan et al., 2020). However, since our study pooled ant hosts
separately by ant colony, viral-host linkage information is available
for co-phylogenetic and ecological trait analyses and revealed 637
viral CRESS genome fragments (181 complete genomes) across
25 ant species. The majority of the ant-associated CRESS viruses
identified in this study fell outside the established CRESS viral
families, suggesting ant-associated CRESS viral diversity has been
grossly underestimated. Many of these ant-associated CRESS vi-
ruses form their own ant-specific or insect-specific clades, sug-
gesting they are divergent enough to constitute separate lineages.
There were 35 complete CRESS genomes which fell within the
Circoviridae family. Of these, nine ant-associated CRESS viruses,
all from different ant species hosts were isolates of Dragonfly
cyclovirus 5, as all had over 80% genome-wide pairwise iden-
tity to this previously identified virus found in Erythrodiplax um-
brata from Puerto Rico (Table S2). These isolates were derived
from varied ant species in geographically distant habitats across
French Guiana, indicating geographical expansion of this virus.
We cannot definitively explain viral transmission events between
dragonfly and ant hosts or if there were potentially intermedi-
ate hosts. However, as this nearly identical virus was discovered
within so many species of ant from distant locations, it implies
there is frequent host switching between ants as well as poten-
tially insect-insect (dragonfly-ant) transmission. Correspondingly,
five complete ant-associated CRESS genomes clustered within
the Genomoviridae CRESS family from five different ant species
(Table S2). Four of these newly identified ant-associated CRESS
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viruses are isolates of a previously described gemycircularvirus,
all of which infect insectivorous bat species (Table S2; Data S1).
Until this study, there have been no previous reports of possible
ant-predator viral shifts. The discovery of these viral isolates from
a bat-associated virus within four separate ant species is compel-
ling because it provides evidence to support viral transmission be-
tween ants and insectivorous mammals.

Our data reveal that virus phylogenetic history can mirror that
of their ant hosts over long evolutionary timescales. This is sup-
ported by the evidence that the CRESS, Microviridae, Tombus-
Noda, Narna-Levi and Picorna-Calici clades exhibited significant
clustering by host taxonomy, as well as for all host genera and
subfamily comparisons. Our co-evolutionary analyses supported
congruence and overall host specificity between the viral and ant
phylogenies, suggesting that the evolution of these viral clades
have generally tracked ant evolution over 150 mya (Moreau
etal.,2006). This result is supported by a recent study demonstrat-
ing host specificity within ant viruses through siRNA sequencing
(Viljakainen et al., 2023). However, despite this overall congru-
ence by ant host species, our data reveal many examples of host-
switching throughout virus evolution (Figures 4 and S7; Table S3).
Host switching and HVT between ant-associated viruses and dis-
tantly related organisms appear to be commonplace throughout
their evolutionary history. Host switching is often more frequent
than co-divergence across every viral phylogeny (Table S3). Host
switching is also indicated throughout ant-associated viruses due
to the observation that single viruses are occasionally associated
with multiple host species (e.g. in CRESS: Dragonfly cyclovirus
5 isolates). Additionally, unexpectedly over 90% of the clusters
of identical viral genomic sequences between ant samples were
in different ant subfamilies, indicating ant subfamily-wide host
switching of specific viral species (Data S1). Collectively, these
results suggest that there is a long-term association between vi-
ruses and their ant hosts that stretch back millions of years, but
that cross-species transmission has occurred frequently over this
background of co-evolution.

We found that the ecological traits of the ant host may play an
essential role in the evolution of their viral communities. Of the four
ecological traits tested against the viral phylogenies, ant habitat
type was significantly correlated within Parvoviridae, Picorna-Calici,
Microviridae and CRESS viruses. This means that these viral clades
have clustered phylogenetically by whether the colony was found in
an urban or rainforest environment, implying the importance of hab-
itat degradation in structuring viral evolution in ants. Habitat loss has
the potential to drastically alter the transmission, maintenance, and
circulation of viruses as well as the viral community structure within
a wild species (Tirera et al., 2021). Additionally, the abundance of
bacterial communities within ant colonies may also impact the evo-
lution of Microviridae, Caudoviricetes and Picorna-Calici viruses
throughout ant species. Since both Microviridae and Caudoviricetes
are bacteriophage lineages, it follows that these clades are associ-
ated with bacterial abundance within the ant colony, and could play
a critical role in ant evolution. Several studies indicate that symbiotic
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bacteria are linked to the evolutionary success of herbivory across
ant species, which follows that bacteriophage infecting these symbi-
otic bacteria are directly impacting the structure of the microbiome
in ant species (Russell et al., 2009; Wernegreen et al., 2009).

The 3841 viruses identified in this study fill major gapsin the RNA
and DNA virus phylogenies and uncover an evolutionary history that
is categorized by both host switching and co-divergence between
ants and their associated viruses. These newly discovered VGFs fall
across 25 described viral clades and represent a major expansion in
the previously known diversity of ant-associated viruses, revealing
the remarkable ability of these viruses to switch ant host species
over their evolutionary history. Furthermore, frequent horizontal
viral transfer between distantly related hosts is suggested, as seen
in the ant-associated viruses discovered in the mycoviral lineages
(ant-fungus), Gyrovirus 11 and Genomoviridae (predatory-prey as-
sociations), and Circoviridae isolates (insect-insect associations).
Ecological traits of their ant host species, specifically degradation
of habitat, as well as the function of host-associated bacterial com-
munities within the colony may play a role in structuring these viral
communities. Further studies should aim to determine the pheno-
typic consequences of viruses which actively infect ant hosts as well
as if there is potential for viral spillover into other hosts if ants ex-
perience range expansion due to future habitat disturbance. These
findings underscore the critical importance of investigating insect-
associated viruses within their natural ecosystems. Such studies are
essential for gaining a comprehensive and effective understanding
of the evolutionary dynamics between eukaryotic hosts and their

microbial communities.
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